Dense and single-phase mullite polycrystals were prepared by reaction sintering of relatively pure kaolins with several kinds of alumina. Removal of coarse kaolin particles >1¯m by sedimentation substantially improved thermal reactivity and sinterability of kaolin and its mixtures with alumina. As for mixtures of refined kaolin and submicron corundum powder having a mullite composition, relative densities of above 98% were accomplished by heat-treatment at 1650°C for 1 h. Effect of alumina particle size on thermal reactivity between alumina and kaolin was investigated, and the difference in thermal reaction sequence between alumina and kaolin was clarified. A combination of sub-micron corundum and elutriated kaolin yielded a monodispersed and fine-grained mullite polycrystals.
Introduction
Mullite is the stable intermediate compound in the aluminasilica system and one of the most important oxide ceramics in the ceramics industry. Mullite is also a promising material for advanced ceramics owing to its low thermal expansion, good chemical and thermal stability, and low dielectric constant. 1) Kaolin is another important raw material in the ceramics industry. Nowadays, several pure kaolin materials are commercially available and used in many industrial applications.
2),3) Heat-treatment of kaolin produces mullite crystals with residual cristobalite or glassy phase. 4) Therefore, heat-treatment of mixtures of kaolin with alumina should yield single crystalline mullite. 5),6) However, preparation of dense, single-crystalline mullite ceramics has proved difficult because of the insufficient counter diffusion of Si 4+ and Al 3+ , and in many cases, various types of sintering additives were introduced in order to facilitate densification. 7)9) These additives as well as intrinsic impurities 6) in kaolin lead to the formation of a residual glassy phase, and thus damaging thermal and chemical properties, electrical resistance or dielectric constant.
Fine mullite powders derived from solgel using alkoxides, 10 ),11) coprecipitation using alkoxides or inorganic salts, 12) and spray pyrolysis 13) have recently been used in fabricating dense mullite polycrystals. However, fine powders prepared through such advanced routes using several alkoxides are very expensive and the preparation processes are extremely complicated.
The present study investigates thermal reaction and sinterability of relatively pure kaolin materials mixed with several types of alumina materials. It was found that an optimum combination of kaolin and alumina materials yielded highlydense and single-crystalline mullite ceramics. The microstructures of these dense mullite ceramics were quantified with the aid of a digital image analysis of photographs observed by scanning electron microscope.
Experimental procedure 2.1 Starting Materials
New Zealand kaolin (hereafter, referred to 'NZ kaolin') and Green bush kaolin (Green Bush, Australia, hereafter 'GB kaolin') were selected as starting kaolinitic materials since they have different mineralogical and chemical characteristics. NZ kaolin and GB kaolin were wet-classified to below 1¯m by sedimentation. The refined NZ kaolin (hereafter 'NZ1') consisted of cylindrical halloysite particles with an average diameter of 100 nm, as shown in Fig. 1 . The refined GB kaolin (hereafter 'GB1') consisted mainly of tabular kaolinite particles. The tabular kaolinite had crystallite size of 16 nm in the direction parallel to the c-axis, estimated by X-ray line broadening. Particle size distribution of the refined kaolin materials and the as-received NZ kaolin (hereafter 'NZu') are shown in Fig. 2 . Particle size distribution of the two refined kaolin materials matched each other closely; the mean particle size was about 0.4¯m. NZu contained 30% >1¯m particles, which included about 7 mass % quartz and cristobalite.
Chemical composition of kaolin materials used in this study is shown in Table 1 . The SiO 2 /Al 2 O 3 molar ratio of the refined kaolins was 2.022.04, almost coincident with the theoretical composition of kaolinite. X-ray diffraction patterns of the kaolins (Fig. 3) reveal that NZ kaolin is composed of dehydrated halloysite with a small amount of quartz and cristobalite, while GB kaolin is composed of pure kaolinite and contains no other crystalline material.
In this study, two types of alumina were used in order to adjust the composition for mullite and thus investigate the thermal reaction with kaolin: i) alumina sol (SN-O, Nissan Chemical Co. Ltd., Japan), composed of boehmite particles dispersed in an aqueous suspension (mean particle size was reported to be 20 nm by a manufacturer) and ii) AES-12 and ALM-41 (Sumitomo Chemical Co. Ltd., Japan), composed of corundum (mean particle size was 0.4 and 2.0¯m, respectively). The latter two are hereafter referred to as A0.4 and A2.0, distinguished based on their mean particle size. Combinations such as A0.4-NZ1 or Sol-GB1 denote mixtures of alumina with kaolin.
Characterization
The morphology of starting materials was observed by transmission electron microscope (TEM; JEOL, JEM-200, Tokyo, Japan). Crystalline phases were identified by means of X-ray diffraction (Rigaku Denki, RAD-B) with Cu K¡ radiation. X-ray intensity was determined by the diffraction peak height and area of crystals shown in Table 2 .
Differential thermal analysis (DTA) and thermal gravimetric analysis (TGA) were carried out using a DTA-TGA apparatus (RIGAKU DENKI, TAS-100, Tokyo, JAPAN) at a heating rate of 10°C/min. Bulk density and apparent porosity of sintered specimens were determined by the Archimedes' immersion technique in boiling water. The microstructures of specimens were observed by a scanning electron microscope (SEM; JEOL, JSM-5310, Tokyo, JAPAN) on polished and thermally etched sections.
Results and discussion
3.1 Thermal changes of kaolin 3.1.1 Thermal analysis of kaolin DTA curves in Fig. 4 showed endothermic peaks at around 530°C and exothermic peaks at around 990°C for both kaolins. The endothermic peaks correspond to the weight loss in TG curves. The exothermic peaks correspond to crystallization. The two kaolins exhibited apparently similar thermal reactions.
Phase changes of kaolin
X-ray diffraction patterns of NZ1 heat-treated alone at various temperatures are shown in Fig. 5 . The results of GB1 were almost coincident with those of NZ1. In Fig. 6 , X-ray peak height of crystals is shown together with the peak area of mullite. Diffraction patterns below 400°C agreed well with those of asreceived kaolin materials. Disappearing diffraction peaks of 00l basal lattice planes above 500°C reveals that the sheet stacking structure of kaolin was disintegrated by dehydroxylation. On the other hand, the h-k diffraction band at around 2ª = 20°persisted at this temperature, and was asymmetrical, being steeper on the left. This indicates the presence of a disordered stacking of (AlO 6 ) octahedral and (SiO 4 ) tetrahedral sheets.
X-ray diffuse scattering below 2ª = 10°decreased with increasing heat-treatment temperature up to 900°C due to collapsing the micropores generated by dehydroxylation. An AlSi spinel-type phase or £-alumina 4),14) (hereafter 'AlSi spinel') as well as a small amount of mullite crystals appeared at 1000°C, followed by a decrease in the amorphous materials, as evidenced by the decrease in height of the broad baseline hump at around 2ª = 22°and the slight shift in the hump toward lower diffraction angles.
4) The chemical composition of the amorphous materials shifted to the silica-rich side since Al 2 O 3 was extracted by crystallization of AlSi spinel as well as mullite. This crystallization at about 1000°C corresponds to the exothermic peaks in the DTA curves in Fig. 4 Above 1100°C, the diffraction peak height of mullite increased with decreasing AlSi spinel, and the broad hump at around 2ª = 22°showed a fixed height between 1000 and 1300°C.
In the case of NZ1, Fig. 6 reveals that the transformation from AlSi spinel to mullite started above 1100°C and was virtually completed by about 1300°C. Transformation temperature from AlSi spinel to mullite for GB1 was lower than that for NZ1 owing to small amounts of impurities, such as MgO and Fe 2 O 3 , which are thought to act as a network modifier in glass and loosen the network structure of silicate glass. Between 1100 and 1300°C, mullite crystals were extremely small, as evidenced by the broad profile of X-ray diffraction peaks of mullite in Fig. 5 , and grew until 1650°C. Below the crystallization temperature of cristobalite, a moderate amount of glass (liquid phase at high temperature) was observed. At 1600°C, cristobalite suddenly disappeared with the generation of the liquid phase (glass), as would be predicted based on the eutectic temperature between mullite and silica in the binary phase diagram, reported to be about 1580°C. 
Thermal reaction of the mixtures
X-ray peak heights of heat-treated mixtures of kaolin and alumina sol are shown in Fig. 7 . Boehmite included in the alumina sol decomposed into £-alumina by heat-treatment around 500°C. Since the X-ray diffraction peaks of the resultant £-alumina coincide with those of AlSi spinel, they could not be distinguished. Thus, the peak height of the AlSi spinel and £-alumina are shown together. Below 1100°C, diffraction patterns of heat-treated mixtures almost coincided with those of pure kaolin, thus, an amorphous material and AlSi spinel were mainly observed. A large amount of mullite was observed above 1100°C, also in the case of pure kaolin. Mullite content increased with temperature up to 1300 and 1400°C in the cases of GB1 and NZ1, respectively. Mullite formation temperatures of specimens containing GB1 were somewhat lower than that containing NZ1, corresponding to the results of kaolin alone. No cristobalite was observed in the cases using alumina sol. These results indicated that the residual amorphous phases directly react with the £-alumina to form mullite crystals in the case of mixtures with nanometer-sized alumina sol.
X-ray peak heights of heat-treated mixtures of kaolin and corundum powder are shown in Fig. 8 . In the case of the A0.4-GB1 specimen [ Fig. 8(a) ], fine corundum powder started to react with the residual silica-rich liquid phase at 1200°C. In the case of A0.4-NZ1 [ Fig. 8(b) ], thermal reactions between the decomposed kaolin and fine alumina started 100°C higher, i.e., at 1300°C. Mullite continuously increased with a further increase in temperature up to 1600°C. In the case of A2.0-NZ1 [ Fig. 8(c) ], coarse corundum reacted with cristobalite to form mullite above 1400°C. In the case using corundum powders, the mullite formation proceeded in multi-steps, namely, direct crystallization from decomposed kaolin below 1300°C and solid-state reaction of alumina with residual silica-rich amorphous material or cristobalite above 1300°C. It can be concluded that the reaction between alumina materials and decomposed kaolin is affected by the alumina particle size and impurity included in the kaolin materials, and the thermal reaction between alumina and residual amorphous substances suppressed the crystallization of cristobalite, especially in the cases using nanometer-sized sol and fine-grained corundum, which manifests itself as a difference in phase changes between Figs. 7 and 8.
Densification of the mixtures
Sintering characteristics of powder compacts of kaolin mixed with alumina sol are shown in Fig. 9(a) . Densification appeared to proceed in two steps: i) between 1100 and 1200°C, and ii) between 1300 and 1600°C. Accelerated sintering below 1200°C can be attributed to viscous flow of the liquid phase before crystallization of mullite, as shown in Fig. 7 . A small amount of impurities, such as MgO and Fe 2 O 3 , produced a small amount of liquid phase so that the relative sintered density of Sol-GB1 at 1200°C was higher than those of the other specimens. Above 1200°C, the residual liquid phase promoted a final densification up to 1600°C. In the cases of Sol-GB1 and Sol-NZ1, relative densities of above 96% could be obtained by heat-treatment above 1600°C for 1 h. In the case of Sol-NZu, however, relative densities higher than 95% could not be achieved even at 1650°C for 1 h. The insufficient densification is attributed to the presence of quartz and cristobalite particles included in the raw materials acting as inclusions and inhibiting the viscous flow of liquid phase.
Sintering characteristics of powder compacts of kaolin mixed with corundum are shown in Fig. 9(b) . Densification appeared to proceed in a slightly different way, compared with in the case of mixtures with alumina sol. The initial sintering step continued to 100°C higher than in the case of mixtures with alumina sol. Further densification was suppressed by sudden crystallization of cristobalite at 1300°C or 1400°C, which can be linked to the disappearance of the glass phase. At the same time, a gradual decrease in relative density was observed, which can be explained by the dissolution of high-density corundum particles, followed by the formation of low-density mullite crystals. With further heat-treatment above 1500°C, relative density of specimens A0.4-GB1 and A0.4-NZ1 reached a maximum of ³98% at 1650°C. In the cases of A0.4-NZu and A2.0-NZ1, poor sinterability resulted in a lower relative density.
Microstructure of mullite
Microstructures of mullite ceramics heat-treated at 1650°C for 1 h are shown in Figs. 10 and 11 . In the case of Sol-GB1 [ Fig. 11(a) ], rod-like mullite crystals coarsened and characteristic crystal facets were observed. The presence of a small amount of glass phase would accelerate crystal growth and the formation of a crystal habit. In the case of Sol-NZ1 [ Fig. 10(b) ], large mullite crystals were observed, but the secondary glass phase among the mullite grains was less than in the case of Sol-GB1. In Sol-NZu [ Fig. 10(c) ], small, columnar crystals were observed with many small pores. In these cases, small amounts of impurities generated a residual liquid phase and accelerated grain growth.
In the case of specimens prepared using submicron corundum particles (A0.4), resultant microstructures consisted of smaller grains than those prepared using alumina sol, as shown in Figs. 11(a)11(c) . A0.4-NZ1 specimens consisted of extremely small, isotropic grains, compared with A0.4-GB1. Prior to this study, kaolin materials have never been successfully used for preparation of dense, fine-grained mullite ceramics.
Quantification of microstructure
In order to quantify the microstructures of the mullite ceramics, the size and distributions of mullite grains were estimated by the following procedure. Determining the individual grain areas of S 1 , S 2 *S i , from the digital images originated by scanning electron microscopy, the volumes of the individual grains were calculated using the equation
, where D i is the equivalent diameter of a circle having the same area as S i , and is equal to 2 Â ffiffiffiffiffiffiffiffiffi ffi S i =³ p . From the curves of cumulative grain volume versus the equivalent diameter, D i , an equivalent size for 50 volume percent of the cumulative grains was defined as the average grain size D 50 . Figure 12 shows the grain size distributions of mullite specimens prepared from Sol-NZ1 and A0.4-NZ1 having less glass and a higher relative density than 95%. The mullite ceramics prepared from A0.4-NZ1 showed a narrow grain size distribution with D 50 of 1.0¯m, while that prepared from Sol-NZ1 showed a wide and a bimodal grain size distribution with D 50 of 2.6¯m. Monodispersed and fine-grained mullite ceramics A0.4-NZ1 prepared by refined kaolin and submicron corundum powder, having relative density of 98%, were expected to show superior mechanical properties. The mechanical properties of these mullite ceramics will be reported in the future report.
Conclusion
In this study, the effects of kaolin refinement and alumina particle size on the sintering, phase development and resultant microstructure were investigated in order to prepare dense, singlephase mullite ceramics. The following results were obtained:
(1) Nanometer-sized alumina sol directly reacted with the amorphous substance decomposed from kaolins to form mullite crystals. On the other hand, when corundum powders were mixed with kaolin materials, the mullite formation proceeded in multisteps. At the same time, small amount of impurities, such as MgO and Fe 2 O 3 , promoted a mullite formation independently of alumina particle size.
(2) Mixtures of a refined kaolin with an alumina sol produced dense mullite ceramics (relative density higher than 96%). Impurities such as Na 2 O and MgO, contained in the alumina sol and/or kaolin, formed a small amount of liquid phase (residual glass) and accelerated grain growth of mullite.
(3) Mixtures of relatively pure kaolin and submicron corundum particles produced dense and single-crystalline mullite ceramics by heat-treatment at 1650°C for 1 h. Resultant mullite ceramics showed a relative density higher than 98% and were composed of mono dispersed and fine mullite grains.
